Abstract: A novel dual-wavelength actively Q-switched laser was demonstrated. When applying 20 W diode power, the output wavelength can be selected between 1063 and 1342 nm with the peak power of 27.6 and 1.6 kW, respectively.
Introduction
Diode-pumped, Q-switched Nd-laser systems of 4 F 3/2 4 I 11/2 (1 μm), and 4 F 3/2 4 I 13/2 (1.3 μm) have been extensively studied due to its high conversion efficiency and numerous applications in material processing, optical communication as well as medical treatment. However, the emission cross section differences between two transitions increase the difficulty to manipulate two wavelengths simultaneously [1] . Recently, Lin et al [2] reported a cw triple-wavelength selectable Nd-laser by electro-optic periodically poled lithium niobate Bragg modulators (EPBM). The gain competitions among 0.9, 1 and 1.3 μm waves were controlled through actively manipulating the loss of 1 and 1.3 μm by dc voltages applied to a monolithic EPBM. In this paper, we present a simple linear cavity to modulate the loss of 4 F 3/2 4 I 11/2 , and 4 F 3/2 4 I 13/2 as well as Q-switch two wavelengths separately by a cascaded EPBM. Figure 1 shows an experimental configuration. A 20 W fiber-pigtailed diode laser at 808 nm was adopted to pump an a-cut, 5 mm long, 0.4-at.% Nd-doped GdVO 4 crystal through a set of 1 to 3 coupling lenses. The core diameter of the fiber was 200 μm. The input surfaces of the Nd:GdVO 4 crystal were optically polished and coated with antireflection coating (R<1%) at 808, 1063 and 1342 nm. The linear laser cavity was constructed by a flat high reflection (HR) (R>99.8%) coated mirror M 1 and flat output coupler with 35 and 7% output coupling at 1063 and 1342 nm, respectively. The periodically poled lithium niobate (PPLN) crystal was a 5 mol. % MgO doped PPLN (made by HC Photonics, Taiwan). The dimensions of PPLN are 10 mm (length in x) x 15.5 mm (width in y) x 2 mm (thickness in z) and are separated in two sections, EPBM1 and EPBM2, for diffracting 1063 and 1342 nm at the same Bragg angle θ B,1 (1063 nm)= θ B,2 (1342 nm)=0.7 o . The grating period of EPBM1 is 20.3  μm and the dimensions are 10 mm (length in x) × 9 mm (width in y). The grating period of EPBM2 is 25.74 μm and the dimensions are 10 mm (length in x) × 6 mm (width in y). The half-wave voltages of 20.3 and 25.74 μm gratings were measured at 660 and 940 V, respectively. The end surfaces of the EPBM were optically polished and had anti-reflection coating at 1063 and 1342 nm (R<1%). To independently apply the electric field, two separate NiCr electrodes were coated on ±z surfaces of EPBM1 and EPBM2. The total cavity length was around 100 mm. The polarization of the Nd:GdVO 4 was align to the z-axis of EPBM to utilize larger γ 33 Pockels coefficient. Due to the stress-induced refractive index change in the MgO:PPLN [3] , the zero-diffraction was measured at around -300 V. Without any biased voltage, more than 30% diffraction loss at 1063 nm was contributed by EPBM1 and EPBM2. To Q-switch 1063 nm, a negative pulsed voltage with 300 V, 1 μs pulse width at 1 kHz repetition rate drove EPBM1 and EPBM2. Figure 2 shows the measured pulse energy and pulse width versus diode power at 1063 nm. After overcoming the cavity threshold at 4.5 W, the pulse energy was increased monotonically. At the maximum diode power, the 1063 nm pulse has 270 μJ energy and 9.8 ns width, corresponding to a peak power of 27.6 kW. Although the wavelength of 1342 nm also matched the Bragg condition in the Q-switching process, none of 1342 nm was measured. During the gain competition, 1342 nm was completely suppressed. To Q-switch 1342 nm, the pulsed voltage was only applied to EPBM2. Without applying any voltage to EPBM1, the gain of 1063 nm was suppressed by the stress-induced diffraction loss when the diode power was below 18 W. After overcoming the cavity threshold around 6 W, the maximum pulse energy of 1342 nm was reached 69 μJ at 18 W diode power, as shown in Fig. 3 . Due to the insufficient gain suppression of 1063 nm, the pulse energy of 1342 nm was decreased effectively at the diode power higher than 18 W. Dual-wavelength generation was observed when the pump power operated between 18 and 20 W. To analyze the coupling effect between EPBM1 and EPBM2, coupled wave equations with assumptions of plane-wave, small incident angle and slowly-varying-envelope were adopted. Figure  4 shows the calculated Bragg diffraction efficiency versus applied voltage of EPBM1. The incident angle is kept at 0.7 o . The black lines show the phase-matched wavelength, 1063 nm and the half-wave voltages are calculated to be 620 and 310 V for 9 and 18 mm PPLN length, respectively. For mismatched wavelength, 1342 nm, the red lines show the diffraction loss at the half-wave voltage calculated to be 2.2 and 0.1% for 9 and 18 mm PPLN length, respectively. More than an order reduction of the coupling loss is found while doubling the PPLN length. The longer crystal was helpful to decrease the coupling coefficient and mismatched coupling diffraction as well as provided the independence of dual wavelength switching control. Although 1342 nm experiences the slight diffraction in this simplified model, the high order Fourier components of square index profile and Gaussian beam divergence effect will further enhance the coupling effect. 
Experimental setup and results

Conclusions
In conclusion, we have demonstrated a novel dual-wavelength Q-switched laser by integrating two electro-optic PPLN Bragg modulators in a monolithic chip. The calculation result shows the coupling effect can be diminished by increasing the length of EPBM1 which will be helpful to Q-switch two wavelengths individually and enhance the performance of 4 F 3/2 4 I 13/2 .
